Introduction {#s1}
============

Carbapenems are one of the most important antibiotics in human medicine and are regarded as last-line drugs to treat infections caused by MDR Gram-negative bacteria. Clinical efficacy of these antibiotics is threatened by carbapenemases, β-lactamases capable of rapid degradation of carbapenems. Metallo-β-lactamases, mainly VIM, NDM and IMP, are among the most disseminated carbapenemases worldwide.^[@DKV306C1]^ IMP-type β-lactamases are found in various clinically important Gram-negative bacteria, such as *Pseudomonas* spp., *Acinetobacter* spp. and Enterobacteriaceae, all round the world,^[@DKV306C2]^ endemically in Japan, Taiwan, China, Korea and the Philippines.^[@DKV306C3]--[@DKV306C6]^ Currently, IMP-4 is the most commonly reported carbapenemase in clinical isolates of Enterobacteriaceae, associated with outbreaks in healthcare settings in Australia,^[@DKV306C7]^ but its wide dissemination has been documented also in China.^[@DKV306C4]^

Transmission of carbapenem-resistant bacteria to food-producing animals and the environment is of great concern. So far, there are scarce reports of carbapenemase-producing Enterobacteriaceae (CPE) from farm animals and wildlife.^[@DKV306C8]^ *Salmonella* is an important zoonotic pathogen causing infections in humans and domestic animals. Wild birds, such as gulls, influenced by various anthropogenic activities, are important in the epidemiology of human and livestock salmonellosis.^[@DKV306C9]^ In Australia, the prevalence of *Salmonella*, including antibiotic-resistant strains in wild birds, is largely unknown.^[@DKV306C10]^

In this work, we studied the silver gull (*Chroicocephalus novaehollandiae*) as an indicator of environmental contamination by *Salmonella* and CPE in south-east Australia in respect of the current epidemiological situation in this country. The silver gull feeds on fish, marine and terrestrial invertebrates, but also on human refuse collected at landfills.^[@DKV306C11],[@DKV306C12]^ This study is the first known report of a large-scale transmission of CPE into wildlife.

Materials and methods {#s2}
=====================

Birds and sampling {#s2a}
------------------

The silver gull is widespread throughout Australia, New Zealand and New Caledonia. There has been marked expansion of the population of the silver gull in Australia in the last century, with most increases in numbers occurring near to and within major cities. Although silver gulls do occur near inland wetlands, they are predominantly a coastal species. In south-east Australia they breed mostly on marine islands, the highest densities occurring on islands close to major urban areas, particularly Newcastle, Sydney and Wollongong. Seventy percent of coastal breeding in New South Wales (NSW) occurs at Five Islands off the coast of Wollongong.^[@DKV306C11],[@DKV306C12]^

A total of 504 cloacal samples were taken from silver gull chicks within the three nesting colonies on the south-eastern coast of NSW, Australia---White Bay (*n* = 144), Five Islands (*n* = 200) and Montague Island (*n* = 160)---in October 2012. The samples were collected using a sterile cotton swab and placed in an Amies transport medium (Coban, Italy).

The small colony at White Bay near Glebe (33°86′ S, 151°18′ E) nest on a diffused industrial wharf within Sydney Harbour, ∼70 km north of Five Islands. In October 2012, the colony contained ∼1500 birds. These birds feed at the nearby fish markets and in other suburban areas surrounding Sydney Harbour,^[@DKV306C11],[@DKV306C12]^ which provides natural prey enriched by refuse carried by urban runoff.

Big Island, in the Five Islands group (34°29′ S, 150°56′ E), is a 19 ha nature reserve ∼500 m offshore from Port Kembla, 60 km south of Sydney. Big Island represents the largest silver gull breeding colony in NSW, with historical estimates of up to 50 000 pairs,^[@DKV306C11]^ although numbers have declined recently for unknown reasons. During our sampling in the 2012 breeding season we estimated only 3854 pairs. Studies have shown that the gulls breeding on Big Island feed predominantly on human refuse.^[@DKV306C12]^ As many as 6000 gulls per hour have been recorded leaving Whyte Gully landfill (34°26′ S, 150°48′ E), the main waste depot, located on the mainland 12 km from the nesting colony. Regurgitations from gulls trapped on Big Island contained solely human refuse (85% of samples), solely natural food (13%) or a mixture of both (2%). Meat constituted 63% of the human refuse.^[@DKV306C12]^

Montague Island (36°15′ S, 150°14′ E) lies 6 km offshore, 10 km south-west of Narooma, NSW. The entire island is a natural reserve of 82 ha and supports a silver gull population of 1500--2000 pairs, which feed predominantly on a natural diet of worms, fish, crustaceans and insects (N. Carlile, unpublished results).

Isolation of carbapenemase-producing isolates and Salmonella {#s2b}
------------------------------------------------------------

Individual cloacal samples were enriched overnight in Buffered Peptone Water (Oxoid, UK) and then cultured for carbapenemase-producing Enterobacteriaceae on CHROMagar™ KPC (CHROMagar, Paris, France) and MacConkey agar supplemented with meropenem (0.125 mg/L) and ZnSO~4~ (100 mg/L) (MCA~mer~) and for *Salmonella* using semi-solid Rappaport--Vassiliadis medium (Oxoid) and X.L.D. agar (Oxoid). One colony for each morphological type growing on CHROMagar KPC or MCA~mer~ was selected and identified by MALDI-TOF MS (Microflex LT, Bruker Daltonics, Bremen, Germany). *Salmonella* isolates were subjected to serotyping using the Kauffmann--White--LeMinor scheme^[@DKV306C13]^ and phage typing according to the HPA Colindale protocol.^[@DKV306C14],[@DKV306C15]^

Antibiotic resistance profiling {#s2c}
-------------------------------

Susceptibility to 14 antibiotics, including amoxicillin/clavulanic acid (30 μg), ampicillin (10 μg), cefalotin (30 μg), ceftazidime (30 μg), chloramphenicol (30 μg), ciprofloxacin (5 μg), gentamicin (10 μg), imipenem (10 μg), meropenem (10 μg), nalidixic acid (30 μg), streptomycin (10 μg), sulfamethoxazole/trimethoprim (25 μg), compound sulphonamides (300 μg) and tetracycline (30 μg) (Oxoid, UK), was tested in *Salmonella* and *bla*~IMP~-positive isolates using a disc-diffusion method.^[@DKV306C16]^ Isolates negative for the tested carbapenemase genes were screened for metallo-β-lactamase, AmpC and ESBL production by phenotypic assays.^[@DKV306C16]--[@DKV306C18]^

MICs of meropenem for IMP- and AmpC-producing isolates were determined using the agar dilution method.^[@DKV306C16]^

Statistical significance of the data was analysed using the χ^2^ test. *P* value ≤0.05 was considered to be statistically significant.

Molecular typing of CPE isolates {#s2d}
--------------------------------

Enterobacteriaceae isolates growing on CHROMagar KPC or MCA~mer~ and all *Salmonella* isolates were screened for carbapenemase genes (*bla*~IMP~, *bla*~NDM~, *bla*~KPC~, *bla*~VIM~ and *bla*~OXA-48-type~) by PCR ([Table S1, available as Supplementary data at *JAC* Online](http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dkv306/-/DC1)). Isolates positive for *bla*~IMP~ were tested for the gene *bla*~IMP-4~ using PCR followed by sequencing of the amplicons ([Table S1](http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dkv306/-/DC1)). Clonality of *bla*~IMP~-positive isolates was determined by XbaI-PFGE. Cluster analysis using Dice similarity indices was done in BioNumerics 6.6 software (Applied Maths, Ghent, Belgium) to generate a dendrogram describing the relationships among PFGE profiles. Isolates with ≥85% similarity of PFGE profiles were assigned to the same cluster (designated as 1, 2, 3, etc. for *Escherichia coli* and A, B, C, etc. for other species). MLST of representative isolates of *E. coli* and *Klebsiella pneumoniae* showing unique PFGE profiles was performed using Achtman\'s^[@DKV306C19]^ and Institut Pasteur\'s schemes,^[@DKV306C20]^ respectively. A PCR-based scheme was used to categorize *E. coli* isolates into phylogenetic groups.^[@DKV306C21]^

Genetic context and transferability of the bla~IMP~ gene {#s2e}
--------------------------------------------------------

At least one randomly selected isolate for each PFGE pattern/bacterial species was further analysed for context of the *bla*~IMP-4~ gene. A reference sequence of typical Australian class 1 integron array *bla*~IMP-4~-*qacG*-*aacA4-catB3* (Accession number JX101693) was used to design the PCR mapping.^[@DKV306C22]^ The presence of the *bla*~IMP~ gene inside a class 1 integron was tested using primers specific for the 5′-conserved region of a class 1 integron and *bla*~IMP~. The 3′ parts of the integron were analysed in three reactions using forward primer IMP-F in combination with reverse primers targeting the aminoglycoside resistance gene *aacA4*, the chloramphenicol resistance gene *catB3* or the 3′-conserved region of a class 1 integron (for list of primers see [Table S1](http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dkv306/-/DC1)). Selected amplicons were sequenced. Conjugative transfer of *bla*~IMP~ was tested in all 120 isolates at 37°C using the plasmid-free, rifampicin- and sodium-azide-resistant *E. coli* MT102 recipient strain. Since IncHI plasmids have a thermosensitive mode for conjugation,^[@DKV306C23]^ the experiment was performed in parallel at 25 and 37°C for all isolates harbouring IncHI2 plasmids. Transconjugants were selected on media supplemented with cefotaxime (2 mg/L), sodium azide (100 mg/L) and rifampicin (25 mg/L) and transfer of *bla*~IMP~ was confirmed by PCR. Plasmids carrying *bla*~IMP~ were assigned to incompatibility groups by PCR-based replicon typing (PBRT)^[@DKV306C24],[@DKV306C25]^ and their sizes were determined using PFGE of the total DNA digested with S1 nuclease. Where transconjugants with a single *bla*~IMP~-carrying plasmid were obtained, plasmid contents were confirmed in the corresponding donor strains using the same procedure.

Results {#s3}
=======

Salmonella {#s3a}
----------

A total of 66 (13%) *Salmonella enterica* isolates were obtained from 504 silver gull cloacal samples from all three nesting colonies. The highest prevalence of salmonellae was found in gulls from Five Islands (56/200; 28%), while the other two locations showed significantly lower prevalences of 0.6% and 6% (Table [1](#DKV306TB1){ref-type="table"}). Salmonellae of 17 different serotypes, with dominance of *Salmonella* Typhimurium (33/66; 50%), were identified (Table [1](#DKV306TB1){ref-type="table"}). *Salmonella* Typhimurium DT2 and DT12 were the most common phage types, found in 16 and 8 gulls, respectively. Antibiotic resistance was demonstrated only in 3/66 (4.5%) *Salmonella* isolates (Table [1](#DKV306TB1){ref-type="table"}). Table 1.*S. enterica* isolates from the silver gull in three nesting colonies in AustraliaSerotype, phage typeNesting colony (no. of samples)WB (144)FI (200)MI (160)Bovismorbificans2Charity1Chester1Heidelberg1Infantis1Mbandaka1Muenchen1Oranienburg1Paratyphi B1Rissen4^a^3,10:r:--1^a^Saintpaul5Senftenberg4Stanleyville4Typhimurium DT2114^a^1Typhimurium DT81Typhimurium DT128Typhimurium DT131Typhimurium DT1203Typhimurium RDNC4Virchow4Wangata1Total (prevalence)9 (6%)56 (28%)1 (0.6%)[^1][^2]

Isolation of Enterobacteriaceae with the bla~IMP~ gene {#s3b}
------------------------------------------------------

A total of 167 Enterobacteriaceae isolates were obtained by culture on selective media, 150 and 17 on MCA~mer~ and CHROMagar KPC, respectively. The only carbapenemase gene detected was *bla*~IMP~, found in 120 (72%, *n* = 167) isolates. All *bla*~IMP~-positive isolates originated from 80 of 200 (40%) gulls sampled on Five Islands. No carbapenemase-producing isolates were found in the other two locations, White Bay and Montague Island. Thirty-seven out of 80 (46%) *bla*~IMP~-positive gulls carried more than one isolate; 33 and 4 gulls were colonized by two and three different isolates, respectively. The isolates were identified as *E. coli* (85 isolates), *Escherichia fergusonii* (10), *K. pneumoniae* (9), *Enterobacter aerogenes* (4), *Proteus mirabilis* (4), *Kluyvera georgiana* (2), *Citrobacter freundii* (2), *Enterobacter cloacae* (2), *Proteus penneri* (1) and *Citrobacter braakii* (1). Isolates negative for the carbapenemase genes (*n* = 36) included *P. mirabilis* (14), *Hafnia alvei* (6), *E. coli* (4), *Providencia* spp. (4), *E. aerogenes* (3), *E. cloacae* (2), *Morganella morganii* (2) and *Proteus vulgaris* (1) and were susceptible to third-generation cephalosporins (data not shown). Twelve of them (33%) produced inducible AmpC β-lactamase while neither carbapenemase nor ESBL production was found in the other 24 (67%) isolates. AmpC producers showed resistance to ampicillin, amoxicillin/clavulanic acid, cefalotin and cefoxitin and MICs to meropenem varied from 0.06 to 1 mg/L; they were identified as *H. alvei* (5), *E. aerogenes* (3), *E. cloacae* (2), *Providencia* spp. (1) and *M. morganii* (1).

Antibiotic resistance profiles of bla~IMP~-positive isolates {#s3c}
------------------------------------------------------------

All *bla*~IMP~-positive isolates showed resistance to at least two antibiotic groups. Resistance to sulphonamides was the most prevalent (100%), followed by resistance to ampicillin (99%), amoxicillin/clavulanic acid (99%), ceftazidime (98%), gentamicin (93%), sulfamethoxazole/trimethoprim (93%), chloramphenicol (73%), tetracycline (69%), nalidixic acid (67%), streptomycin (53%), ciprofloxacin (46%), meropenem (25%) and imipenem (6%). According to CLSI criteria, 57% and 18% showed intermediate resistance and susceptibility to meropenem, respectively. Intermediate resistance and susceptibility to imipenem was observed in 33% and 61% of isolates, respectively. A significantly higher number of non-*E. coli* isolates showed susceptibility to meropenem compared with *E. coli* isolates (*P* \< 0.01). Such differences were not observed for imipenem. According to CLSI criteria, the majority (79%) of the isolates were susceptible to meropenem, with MICs ≤4 mg/L. MICs were distributed as follows: ≤0.125 mg/L (6 isolates); 0.25 mg/L (7); 0.5 mg/L (39); 1 mg/L (26); 2 mg/L (27); 4 mg/L (12); and 8 mg/L (3).

Clonality of bla~IMP~-positive isolates {#s3d}
---------------------------------------

PFGE and MLST analysis demonstrated significant genetic diversity of *bla*~IMP~-positive isolates (Figure [1](#DKV306F1){ref-type="fig"}), but also the carriage of identical isolates by different birds ([Figure S1](http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dkv306/-/DC1)). Eighty-five *E. coli* isolates showed 36 unique PFGE profiles and were divided into 25 clusters based on the criteria of 85% similarity of PFGE patterns. MLST analysis assigned the isolates to 19 different STs (Figure [1](#DKV306F1){ref-type="fig"}). The most prevalent clonal lineages included ST216 (*n* = 27), ST58 (*n* = 14), ST354 (*n* = 9), ST167 (*n* = 8) and ST224 (*n* = 5) and constituted 68% of all *E. coli* isolates. Two novel STs (ST4657 and ST4658) were identified among three isolates. Eleven birds carried two *E. coli* isolates of different STs. Twenty-four birds were colonized by two or three different species of the Enterobacteriaceae family. Ten *E. fergusonii* isolates belonged to a single cluster, H, with overall similarity of 95% (Table [2](#DKV306TB2){ref-type="table"}). Nine *K. pneumoniae* isolates were divided into seven distinct PFGE clusters and belonged to seven different STs, including five novel types (ST1734--ST1738). Two different *E. coli* strains sharing an identical *bla*~IMP-4~-integron array and plasmid replicon type were identified only in one bird, which may suggest a limited role of *in vivo* plasmid conjugative transfer inside the gull intestine. Table 2.Characteristics of non-*E. coli* isolates with the *bla*~IMP~ gene from the silver gull on Five IslandsSpeciesPFGE cluster^a^STNo. of isolates*bla*~IMP~ integronAntibiotic resistance profile^b^*bla*~IMP~ transfer^c^Plasmid carrying *bla*~IMP~^d^STRSULTETSXTCHLGENNALCIPIPMMEM*Escherichia fergusonii*H12*intI1-bla*~IMP-4*-*~*qacG-aacA4-catB3*RRRRyesHI2 (1)H27*intI1-bla*~IMP-4*-*~*qacG-aacA4-catB3***X**R**X**R**XX**yesHI2 (5)H31*intI1-bla*~IMP-4*-*~*qacG-aacA4-catB3*RRRRyesHI2 (1)*Klebsiella pneumoniae*A17352*intI1-bla*~IMP-26*-*~*qacG-aacA4-catB3*RRRRRRRyesA/C (2)B17361*intI1-bla*~IMP-4*-*~*qacG-aacA4-catB3*RRRRyesnt (1)C17341*intI1-bla*~IMP-4*-*~*qacG-aacA4-catB3*RRRyesA/C-Y (1)D3941*intI1-bla*~IMP-4*-*~*qacG-aacA4-catB3*RRRRRRnoE17372*intI1-bla*~IMP-4*-*~*qacG-aacA4-catB3***X**R**XXX**R**XXX**yesHI2-N (1)F17381*intI1-bla*~IMP-4*-*~*qacG-aacA4-catB3*RRRnoG5841*intI1-bla*~IMP-4*-*~*qacG-aacA4-catB3*RRyesL/M (1)*Kluyvera georgiana*I2*intI1-bla*~IMP-4*-*~*qacG-aacA4-catB3*RRRyes*Enterobacter aerogenes*J11*intI1-bla*~IMP-4*-*~*qacG-aacA4-catB3*RRRRyesL/M (1)J21*intI1-bla*~IMP-4*-*~*qacG-aacA4-catB3*RRRyesL/M (1)J31*intI1-bla*~IMP-4*-*~*qacG-aacA4-catB3*RRRRyesnt (1)L1*intI1-bla*~IMP-4*-*~*qacG-aacA4-catB3*RRRRRRyesL/M (1)*Enterobacter cloacae*O1*intI1-bla*~IMP-4*-*~*qacG-aacA4-catB3*RRRRRRRnoP1*intI1-bla*~IMP-4*-*~*qacG-aacA4-catB3*RRRRyesL/M (1)*Citrobacter freundii*M1*intI1-bla*~IMP-38*-*~*qacG-aacA4-catB3*RRRyesA/C (1)N1*intI1-bla*~IMP-38*-*~*qacG-aacA4-catB3*RRRRRRyesA/C (1)*Citrobacter braakii*V1*intI1-bla*~IMP-4*-*~*qacG-aacA4-catB3*RRRRRRRRno*Proteus mirabilis*Q1*intI1-bla*~IMP-4*-*~*qacG-aacA4*RRRRRRRyesnt (1)R1*intI1-bla*~IMP-4*-*~*qacG-aacA4*RRRRRRRnoS1*intI1-bla*~IMP-4*-*~*qacG-aacA4-catB3*RRRRRyesT1*intI1-bla*~IMP-4*-*~*qacG-aacA4-catB3*RRRRRRyesnt (1)*Proteus penneri*U1*intI1-bla*~IMP-4*-*~*qacG-aacA4*RRRRRRRRyesnt (1)[^3][^4][^5][^6] Figure 1.Characteristics of *E. coli* isolates with the *bla*~IMP-4~ gene from the silver gull on Five Islands. ^a^Isolates with ≥85% similarity of PFGE profiles are assigned to the same cluster (designated as 1, 2, 3, etc.). Isolates from the same cluster with \<100% identity of PFGE patters are indicated by letters (e.g. 5a, 5b, 6a, 6b, 6c, etc.). ^b^Five of the six *E. coli* ST58 isolates (indicated by an asterisk) carry both *bla*~IMP-4~ and *bla*~IMP-38~. ^c^Integrons with *intI1-bla*~IMP-4~ arrays are missing the 3′ parts of the integron conserved region. ^d^STR, streptomycin; SUL, compound sulphonamides; TET, tetracycline; SXT, sulfamethoxazole/trimethoprim; CHL, chloramphenicol; GEN, gentamicin; NAL, nalidixic acid; CIP, ciprofloxacin; IPM, imipenem; MEM, meropenem. All isolates showed resistance to ampicillin, amoxicillin/clavulanic acid, cefalotin and ceftazidime. Resistance is indicated by 'R'. Resistance patterns of isolates from the same cluster that show variable profiles are indicated by '**X**'. ^e^Transfer of the gene by conjugation to recipient strains of *E. coli*. All isolates of *E. coli* ST58 carrying two *bla*~IMP~ variants transferred only the gene *bla*~IMP-4~. ^f^nt, plasmid non-typeable by PBRT.

Sequence analysis and genetic environment of the bla~IMP~ gene {#s3e}
--------------------------------------------------------------

The sequence analysis of *bla*~IMP~ amplicons revealed the presence of *bla*~IMP-4~ in 116 (97%) isolates. Single-locus variants of *bla*~IMP-4~, the genes *bla*~IMP-26~ and *bla*~IMP-38~, were found in two (2%) and seven (6%) isolates, respectively. The gene *bla*~IMP-26~ was identified in two isolates of *K. pneumoniae* ST1735 while *bla*~IMP-38~ was found in two *C. freundii* isolates (Table [2](#DKV306TB2){ref-type="table"}) and five *E. coli* ST58 that were also positive for the variant *bla*~IMP-4~ (Figure [1](#DKV306F1){ref-type="fig"}). Seventy randomly selected isolates representing each PFGE cluster/ST/bacterial species, including 40 *E. coli* and 30 non-*E. coli*, were tested for the genetic context of the *bla*~IMP~ gene ([Figure S1](http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dkv306/-/DC1)). The gene *bla*~IMP~ was present in the class 1 integron as the first gene cassette in all isolates. PCR mapping revealed the *bla*~IMP-4~-*qacG*-*aacA4-catB3* cassette array in 50 (71%) isolates (65% *E. coli*, 80% non-*E. coli*). The same integron arrangement was also demonstrated for *bla*~IMP-26~ and *bla*~IMP-38~ from *K. pneumoniae* and *C. freundii* isolates, respectively. An additional *bla*~IMP-4~-*qacG*-*aacA4* array was identified in three *Proteus* spp. PCR mapping of the 3′ parts of the integron carrying *bla*~IMP-4~ or *bla*~IMP-38~ failed in 14 *E. coli* (21%), suggesting the existence of a structure different from the typical Australian integron used as a reference in this study.

Plasmids carrying the bla~IMP~ gene {#s3f}
-----------------------------------

All isolates were tested for transfer of *bla*~IMP~ by conjugation. In 57 (67%) and 22 (63%) *E. coli* and non-*E. coli* isolates, respectively, the gene was transferred at 37°C. The experiment was repeated at 25°C in 41 isolates that did not transfer the gene by conjugation at 37°C, revealing another seven positive isolates. Overall, the conjugative transfer of *bla*~IMP~ was successful in 86 (72%) isolates. Transconjugants carrying *bla*~IMP~ on a single plasmid were obtained from 66 isolates, including *E. coli* of 11 different STs, *E. fergusonii*, *K. pneumoniae*, *E. aerogenes*, *E. cloacae*, *C. freundii*, *P. mirabilis* and *P. penneri*. Furthermore, five isolates produced two or three transconjugants that showed a difference in size of *bla*~IMP~-carrying plasmids ([Figure S1](http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dkv306/-/DC1)); therefore, they were all included in the further analysis. Testing of 72 transconjugants demonstrated the association of the gene with plasmids of variable sizes (80--400 kb) and diverse replicons: HI2 (*n* = 41), N (30), A/C (19), Y (2), L/M (5) and I1 (1). Thirty-five plasmids contained multi-replicons HI2-N (30) and A/C-Y (2). Six plasmids were not typeable by PBRT.

IncA/C plasmids ranged from 180 to 220 kb and were associated with three *bla*~IMP~ genes (*bla*~IMP-4~, *bla*~IMP-26~, *bla*~IMP-38~) within the typical Australian cassette array. The gene *bla*~IMP-4~ was found on replicon A/C in *E. coli* of various genotypes (ST58, ST167, ST189 and ST1144) as well as on multi-replicon A/C-Y in one *E. coli* ST1178 and one *K. pneumoniae* ST1734. The presence of the two A/C and Y replicons on a single plasmid did not occur as a result of plasmid fusion during the conjugative experiment. IncL/M plasmids of 75 kb carrying *bla*~IMP-4~ within the typical Australian array were found in one isolate of *K. pneumoniae* ST584, three *E. aerogenes* isolates and one *E. cloacae* isolate. Six strains, including *E. coli* ST542, *K. pneumoniae* ST1736, *E. aerogenes*, *P. mirabilis* and *P. penneri*, contained the gene on plasmids ranging between 140 and 400 kb that were not typeable by the PBRT scheme. Apart from two *Proteus* isolates that carried the gene in a class 1 integron with a different cassette array (*bla*~IMP-4~-*qacG*-*aacA4*), the typical Australian array was identified for these plasmids.

The most common replicon associated with *bla*~IMP-4~ was HI2, found in 41 transconjugants of donor strains, including *E. coli* (*n* = 33; ST48, ST58, ST216, ST746 and ST2178), *E. fergusonii* (7) and *K. pneumoniae* ST1737 (1). *E. coli* ST58 isolates with two *bla*~IMP~ variants (*bla*~IMP-4~ and *bla*~IMP-38~) produced transconjugants that carried the gene *bla*~IMP-4~ on HI2-N replicons. The gene *bla*~IMP-38~ was not transferred by conjugation. IncHI2 plasmids ranged from 150 up to 320 kb and contained the gene in both the typical Australian array (47%) or as a single-gene cassette with unknown structure of the 3′ parts of the integron (53%). Twenty-two transconjugants contained plasmids of higher molecular weight than their donors, indicating frequent fusions during conjugation, likely occurring between *bla*~IMP~-carrying IncHI2 or IncHI2-N plasmids and other plasmids, co-resident within the donor strain. The majority (84%) of IncHI2 plasmids were transferred at 37°C and no relationship between the change in plasmid size and temperature used for conjugative transfer was observed (data not shown).

Discussion {#s4}
==========

Our study demonstrates a high level of colonization by *Salmonella* and carbapenemase-producing bacteria of gulls on Five Islands. This is the first known report of extensive transmission of carbapenemase-producing bacteria into wild animals. Feeding habits related to garbage and sewage have been largely assumed to increase the risk of transmission of bacteria originating from humans or farm animals to wildlife. The long-term observations of the colony on Five Islands demonstrated the role of human refuse from the local depot near the city of Wollongong as an important source of food for breeding gulls in the colony.^[@DKV306C12]^ We assume that the source of IMP-4-producing isolates for gulls could be clinical material contaminating this local waste depot, supported by the demonstrated significant similarities of gull isolates with those reported from humans in Australia and the fact that no carbapenemase-producing bacteria have been reported from livestock and meat in that continent.

The distribution of *Salmonella* serovars in Australia varies geographically; however, *Salmonella* Typhimurium is one of the most commonly reported serovars from human infections. Three phage types of *Salmonella* Typhimurium, DT135, DT170/108 and DT9, are predominantly isolated from human infections, but also from animals.^[@DKV306C26]^ Although *Salmonella* Typhimurium dominated in the gulls in our study, none of these phage types was identified. The most prevalent phage type found in gulls, DT2, is commonly isolated from pigeons worldwide.^[@DKV306C27]^ The second most prevalent phage type, DT12, used to be prevalent in human infections in Australia, but it has declined in recent years.^[@DKV306C26]^

Carbapenemase producers belonged to 10 different species of the Enterobacteriaceae family and showed resistance to several groups of antimicrobials. Most isolates were selected by cultivation on in-house MacConkey agar supplemented with meropenem (0.125 mg/L) and ZnSO~4~ (100 mg/L) compared with commercially available CHROMagar KPC, suggesting that media with a low concentration of carbapenems are more suitable for environmental samples, where carbapenemase-producing bacteria can be present at very low concentration. CPE are infrequent in Australia, with overall prevalence of 0.3% and \<0.1% in hospitals and the community, respectively.^[@DKV306C28]^ Nevertheless, *bla*~IMP-4~, found in the majority of the isolates from gulls, is also the most prevalent among carbapenemase-producing clinical Enterobacteriaceae isolates in Australia. IMP-4-producing *E. coli* isolates from gulls showed significant clonal similarity with five predominant STs (ST58, ST167, ST216, ST224 and ST354), suggesting their common source in the environment. The majority of them belonged to widely disseminated pathogenic and commensal MDR clones contributing to the spread of ESBL.^[@DKV306C29]--[@DKV306C31]^ Of note is that *E. coli* ST354 is the most common clonal lineage found among colonized and infected dogs in Australia.^[@DKV306C32]^ ST216, the most prevalent ST in our study, is not frequently reported in association with emerging resistance mechanisms.

Various plasmids and class 1 integrons were described to play a role in the dissemination of *bla*~IMP-4~ between clinical isolates in Australia, including the *bla*~IMP-4~-*qacG-aacA4-catB3* array carried by IncA/C and IncL/M plasmids in Sydney and Melbourne^[@DKV306C22]^ and the *bla*~IMP-4~*-aacA4* array on IncHI2 or IncL/M plasmids in the state of Queensland.^[@DKV306C33]^ The same *bla*~IMP-4~-*qacG-aacA4-catB3* array was present in the majority of the isolates from gulls in our study and it was carried by conjugative plasmids of various sizes and replicon types, including IncHI2, IncA/C, IncL/M, IncI1 and multi-replicon (HI2-N, A/C-Y) and non-typeable plasmids. We also identified this integron array in single-nucleotide variants of the *bla*~IMP-4~ gene, the genes *bla*~IMP-26~ and *bla*~IMP-38~, carried by IncA/C plasmids. In Australia and the Philippines, *bla*~IMP-26~ has been identified in various STs of *K. pneumoniae* with the *bla*~IMP-26~-*qac-aacA4* cassette array on A/C or L/M replicons.^[@DKV306C6]^ A novel *bla*~IMP-4~-*qacG-aacA4* cassette array, recently reported for *bla*~IMP-26~,^[@DKV306C6]^ was found in *Proteus* spp. isolates. In 14 *E. coli* isolates, *bla*~IMP-4~ was found as a single cassette of the integron missing the 3′-conserved region and carried by multi-replicon HI2-N plasmids. These observations point out the high plasticity of class 1 integrons carrying genes of the *bla*~IMP-4~ family and their ability to be transferred between various plasmid families, likely increasing their dissemination potential in bacterial communities.

The most prevalent plasmids associated with the *bla*~IMP~ gene found in 57% of transconjugants belonged to IncHI2. Recently, a high incidence of IncHI2 plasmids carrying *bla*~IMP-4~ was identified in various human clinical isolates of Enterobacteriaceae in Queensland,^[@DKV306C33]^ suggesting a growing role of this plasmid family in dissemination of *bla*~IMP-4~ in Australia. In contrast with this report, most of our plasmids showed a second replicon specific for plasmids of the IncN family and contained the *bla*~IMP-4~-integron within a different cassette array. IncN plasmid pIMP-HZ1, carrying *bla*~IMP-4~ in a class 1 integron with a truncated 3′-conserved region, as observed in our IncHI2-N plasmids, has been recently described in China.^[@DKV306C34]^ Ability of IncHI2 plasmids to conjugate at low temperature and to fuse with highly conjugative epidemic plasmids with a broad host range, such as IncN, may facilitate their dissemination in the environment. We identified several plasmids, such as IncI1 or non-typeable, that have not been previously associated with the *bla*~IMP-4~ gene. Demonstrated variability of Enterobacteriaceae isolates and plasmids carrying *bla*~IMP-4~ as well as the ability of the plasmids to be efficiently transferred by conjugation even at low temperature may indicate the further movement of the gene between bacteria and replicons after transmission to the environment of the gull nesting colony.

Overall, the findings from the silver gull reflect the current epidemiological situation in Australia, indicating the human origin of IMP-4-producing Enterobacteriaceae. Differences from reported data on human isolates may reflect unexplored complexity of epidemiology of IMP-4-producing bacteria in that continent and the important role of the environment in dissemination of the gene. This study documents a significant level of environmental contamination by bacteria resistant to clinically important carbapenems, which may potentially pose a risk for public health. As migratory birds, gulls may be potential vectors of IMP-producing strains along the coast of Australia. The cloacal samples were taken only from gull chicks in the colony, and the level of colonization by CPE in adult birds as possible vectors is unknown and should be explored in the future studies to fully understand the importance of these findings and the real risks indicated by them. The source of these MDR bacterial strains among the gulls nesting on Five Islands should be explored and proper measures applied to stop the transmission of this pathogen from the human population into the environment.
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[^1]: WB, White Bay; FI, Five Islands; MI, Montague Island.

[^2]: ^a^Three isolates showing resistance to tested antibiotics: *Salmonella* 3,10:r:-- (strain no. 1620), resistant to ampicillin and amoxicillin/clavulanic acid; *Salmonella* Typhimurium DT2 (strain no. 1718), resistant to ampicillin, amoxicillin/clavulanic acid, cefalotin and ceftazidime; and *Salmonella* Rissen (strain no. 1786), resistant to ampicillin, amoxicillin/clavulanic acid, streptomycin, compound sulphonamides, sulfamethoxazole/trimethoprim and tetracycline.

[^3]: ^a^Isolates with ≥85% similarity of PFGE profiles are assigned to the same cluster (designated as A, B, C, etc.). Isolates from the same cluster with \<100% identity of PFGE patters are indicated by numbers (e.g. H1, H2, etc.).

[^4]: ^b^STR, streptomycin; SUL, compound sulphonamides; TET, tetracycline; SXT, sulfamethoxazole/trimethoprim; CHL, chloramphenicol; GEN, gentamicin; NAL, nalidixic acid; CIP, ciprofloxacin; IPM, imipenem; MEM, meropenem. All isolates showed resistance to ampicillin, amoxicillin/clavulanic acid, cefalotin and ceftazidime except for two isolates of *P. mirabilis* (isolate of PFGE type S susceptible to ampicillin, amoxicillin/clavulanic acid and ceftazidime, and isolate of PFGE type T, susceptible to ceftazidime). Resistance is indicated by 'R'. Resistance patterns of isolates from the same cluster that show variable profiles are indicated by '**X**'.

[^5]: ^c^Transfer of the gene by conjugation to recipient strains of *E. coli*.

[^6]: ^d^nt, plasmid non-typeable by PBRT.
